In this paper, we investigate the adaptive control problem for robotic systems with both the uncertain kinematics and dynamics. By a new formulation of the unknown kinematic system, we propose an adaptive control scheme that includes a new kinematic parameter adaptation law to realize the tracking objective irrespective of the uncertain kinematics and dynamics. Unlike most existing results that rely on the approximate transpose Jacobian feedback, the proposed controller employs the inverse Jacobian feedback. The new kinematic adaptation law and the inverse Jacobian feedback supplies the proposed control scheme with the desirable decomposition property and the convenient accommodation of the performance issues. Simulation results are presented to illustrate the performance of the proposed control.
studied visual servoing problem (see, e.g., [8] , [9] , [10] ). These control schemes (e.g., [4] , [5] , [6] , [7] , [8] , [9] , [10] ) are characterized by the use of an adaptive Jacobian matrix to account for the kinematics uncertainty, and the prominent part of the control scheme may be the adaptive transpose Jacobian control and the kinematic parameter adaptation law. In addition, the adaptive transpose Jacobian control inherits the advantage of the Slotine and Li adaptive scheme [2] , i.e., neither measurement of joint acceleration nor inversion of the estimated inertia matrix is required.
At the present stage, one may say that the stability properties of the adaptive Jacobian control system under both the uncertain kinematics and dynamics are fully addressed, as can be seen in the above mentioned results, yet, it remains unclear about the performance of the system in the sense that some performance indices, e.g., tracking accuracy and transient response, are not adequately studied. This mainly stems from the employment of the transpose Jacobian control. The transpose Jacobian control for robot task-space regulation problem is proposed in the pioneering work [11] , which shows excellent stability property, yet, its performance, as stated in [12] , is not desirable especially when the manipulator moves in a large range. Another commonly adopted task-space control approach is inverse Jacobian feedback (see, e.g., [12] ), and the stability of the inverse Jacobian feedback for regulation problem is proved in [13] , which seems much more involved.
It is well known that the performance of a linear time-invariant system is ensured by appropriately designating the poles of the closed-loop system. For the nonlinear robotic system, this is almost not achievable except for the known parameter case (e.g., the standard computed torque control can result in a linear error dynamics with guaranteed performance). Let us now contemplate the standard control problem for a frictionless mass that is governed by mÿ = u, where y ∈ R denotes the position of the mass, m the mass and u ∈ R the control input. From the standard linear system theory, if the control u takes a PD action, the design of the gains must take into account the mass property of the system and one advisable design is to choose mass-dependent gains. This standard idea has already appeared in the robot control problem with or without dynamic uncertainties, e.g., the computed torque control actually takes inertia-matrixdependent PD control plus certain feedforward terms, and the adaptive control in [14] uses the estimated inertia matrix as the feedback gain (see [14, Sec. 3.2] ). However, it is unclear how to ensure the performance of the robot system under both the kinematic and dynamic uncertainties.
On the other hand, we know that kinematic uncertainty is in nature different from dynamic uncertainty in that kinematic uncertainty occurs at the kinematic system (see, e.g., [4] ). In our opinion, decomposition of the handling of the kinematic and dynamic uncertainties is highly preferred, and due to the nature of the kinematic uncertainty, the best position for handling the kinematic uncertainty is within the kinematic system. Furthermore, it is well known that the control objective at the kinematic level is to design a suitable joint velocity such that the taskspace position converges to the desired one, and the available information for the design of the joint velocity is the joint-space/task-space position (rather than velocity). However, the kinematic parameter adaptation in the existing adaptive Jacobian schemes (e.g., [6] , [5] , [7] , [15] ) are all based on a kinematic regressor that depends on the joint velocity. This motivates us to wonder whether it is possible to avoid the use of joint velocity in the kinematic parameter adaptation.
In this paper, we propose a new solution to the adaptive control problem for robots with both the uncertain kinematics and dynamics, and this new solution is derived by a new formulation of the unknown kinematic system (different from the results in, e.g., [6] , [5] , [7] , [15] ). The proposed control law employs the inverse Jacobian control rather than the approximate transpose Jacobian control, and can ensure the performance of the closed-loop system with a modification similar to [14] . The proposed kinematic parameter adaptation law adopts a new kinematic regressor matrix that depends on the joint reference velocity instead of the joint velocity (as is the case in [6] , [5] , [7] , [15] ). The superior properties of the proposed scheme are summarized as follows.
1) It realizes decomposition of the designs of the kinematic and dynamic loops thanks to the employment of a new kinematic regressor matrix and a control law (with the same structure as the Slotine and Li adaptive scheme in joint space [2] ) that does not use the approximate transpose Jacobian matrix, while the two designs are mixed in existing results due to the adoption of approximate transpose Jacobian feedback (e.g., [6] , [5] , [7] ) and of the joint-velocity-dependent kinematic regressor (e.g., [6] , [5] , [7] , [15] );
2) due to the proposed new kinematic adaptation law and control law (without involving the approximate Jacobian), the drift of the kinematic parameter estimate along the positive (increasing) direction does not incur destructive effect, while this drift may not be allowed in [6] , [5] , [7] ;
3) with a slight modification, the control ensures good performance of the closed-loop system, extending the performance ensured scheme in [14] to be capable of handling the kinematics uncertainty in addition to the dynamics uncertainty, and it is also shown that March 21, 2014 DRAFT even under constant-gain feedback, the proposed control shall give better performance than the approximate transpose Jacobian feedback.
Here, we would like to emphasize that the feature given in 1) becomes more prominent in industrial robotic applications in that joint velocity control mode is very common in most industrial manipulators. Under the joint velocity control mode, we cannot modify the joint servoing module and what we can design is the joint velocity command. The decomposition property of the proposed controller makes our result serve well for this application scenario while the adaptive transpose Jacobian control does not fit this circumstance due to the transpose Jacobian feedback in the torque input.
II. ROBOT KINEMATICS AND DYNAMICS
Let x ∈ R n be the position of the end-effector in the task space (e.g., Cartesian space or image space), and it is relevant to the joint position via the nonlinear mapping [12] , [16] x = f (q) (1) where q ∈ R n denotes the joint position, and f : R n → R n is the mapping from joint space to task space.
Differentiating (1) with respect to time gives the relation between the task-space velocity and joint-space velocity [12] , [16] 
where J(q) ∈ R n×n is the Jacobian matrix. In this paper, since the kinematic parameters are unknown, we assume that the task-space position x and velocityẋ are available from certain task-space sensors (e.g., a camera).
The equations of motion of the manipulator can be written as [17] , [16] 
where M (q) ∈ R n×n is the inertia matrix, C (q,q) ∈ R n×n is the Coriolis and centrifugal matrix, g (q) ∈ R n is the gravitational torque, and τ ∈ R n is the joint control torque.
Three basic properties of the dynamics (3) are listed as follows [17] , [16] . 
where Y d q,q, ζ,ζ is the dynamic regressor matrix, ζ ∈ R n is a differentiable vector, andζ is the time derivative of ζ.
In addition, the kinematics (2) has the following linearity-in-parameters property [5] .
Property 4: The kinematics given by (2) depends linearly on a constant parameter vector a k , which gives rise to
where Y k (q, ξ) is the kinematic regressor matrix, and ξ ∈ R n is a vector.
III. ADAPTIVE CONTROL SCHEME
In this section, we will investigate the adaptive controller design for robot manipulators with both the uncertain kinematics and dynamics, and the control objective is to drive the robot endeffector to asymptotically track the desired trajectory in the task space, i.e., to ensure x−x d → 0
as t → ∞, where x d denotes the desired task-space trajectory and it is assumed that x d ,ẋ d and
x d are all bounded.
First, following [6] , [5] , we define the joint reference velocityq r ∈ R n using the estimated Jacobian matrix asq
whereẋ r =ẋ d − α∆x, ∆x = x − x d denotes the task-space tracking error, andĴ(q) is the estimated Jacobian matrix which is obtained by replacing a k in J(q) with its estimateâ k .
Then, let us reformulate equation (6) as the following forṁ
where ∆a k =â k − a k is the kinematic parameter estimation error, and Y k (q,q r ) is the kinematic regressor matrix. It is noticed that the regressor Y k (q,q r ) generated by the new formulation is March 21, 2014 DRAFT different from the one in [6] , [5] , [7] , [15] since it does not depend on the joint velocity. The new formulation (7) will be shown to play an important role for developing our controller below.
Differentiating equation (7) with respect to time gives the joint reference acceleration
Let us now define a sliding vector s ∈ R n as
and using (2) and (7), we can rewrite equation (9) as
which can further be written as
Now we propose the following control law
where K ∈ R n×n is a symmetric positive definite matrix, and the estimated dynamic parameter a d (i.e., the estimate of a d ) and the estimated kinematic parameterâ k are, respectively, updated
where Γ d and Γ k are both symmetric and positive definite matrices.
Here, it is necessary to emphasize that, in the calculation of the control law (12) and the adaptation laws (13) and (14), equation (6) and its differentiation with respect to time (i.e., q r =Ĵ −1 (q) ẍ r −J(q)q r ) are used to obtainq r andq r , respectively.
Remark 1:
The differences between the proposed adaptive controller and the one in [6] are that 1) the feedback part in (12) can be rewritten as
which can thus be intuitively interpreted as inverse Jacobian feedback of both the task-space tracking error and the kinematic parameter estimation error instead of the approximate transpose March 21, 2014 DRAFT Jacobian feedback and 2) the kinematic parameter adaptation law (14) is based on a new regressor that depends on the joint reference velocityq r instead ofq. The control law (12) as well as the dynamic parameter adaptation law (13) is basically the same as the task-space adaptive scheme in [14, Sec. 3 ], yet, a modified joint reference velocity is adopted to account for the kinematics uncertainty and moreover an additional kinematic parameter adaptation law is proposed.
Substituting the control law (12) into the dynamics (3) yields the closed-loop dynamics
where ∆a d =â d − a d is the dynamic parameter estimation error.
The full closed-loop robotic system can be described by combining (11) and (15), i.e.,
which is cascaded in the sense that the first subsystem is driven by the signal s which is generated by the second subsystem. Due to the new formulation of the unknown kinematic system, the first subsystem in (16) depends on a new regressor Y k (q,q r ) and is driven by J(q)s, which renders it possible to employ the inverse Jacobian feedback −Ks in the control torque (thanks to the fact that the boundedness of J(q) is independent ofâ k ), while the kinematic subsystem in [6] , [5] , [7] , [15] relies on the regressor Y k (q,q) and is driven byĴ(q)s.
We are presently ready to formulate the following theorem.
Theorem 1: The control law (12) , the dynamic parameter adaptation law (13) and the kinematic parameter adaptation law (14) ensure the stability of the closed-loop robotic system and the convergence of the task-space tracking errors, i.e., ∆x → 0 and ∆ẋ → 0 as t → ∞.
Proof: Following [2] , [18] , for the second subsystem in (16), we define a Lyapunov-like
, and using Property 2, we obtain the time derivative of V 1 asV
which implies that s ∈ L 2 , and additionally,â d ∈ L ∞ and s ∈ L ∞ .
Using the fact that the Jacobian matrix J(q) is bounded, we have J(q)s ∈ L 2 and thus, there 
where the second part of this positive definite function follows the result in [19, p. 118] , and taking the derivative of V 2 along the first subsystem in (16) giveṡ
With the standard inequality
and substituting the adaptation law (14) into equation (19) yieldṡ
which directly gives the result that ∆x ∈ L 2 ∩ L ∞ andâ k ∈ L ∞ . From equation (6), if the estimated Jacobian matrixĴ(q) is nonsingular, we haveq r ∈ L ∞ sinceẋ r ∈ L ∞ . Then, we get the boundedness ofq from that of s, and further the boundedness ofẋ based on the kinematics (2) . Therefore, ∆x must be uniformly continuous, and from [19, p. 117] , we obtain ∆x → 0 as t → ∞. From (14), we haveȧ k ∈ L ∞ since Y k (q,q r ) and ∆x are both bounded, which then implies the boundedness ofJ(q). The joint reference acceleration given in (8) can be rewritten as [based on (6)]q r =Ĵ −1 (q) ẍ r −J(q)q r , which is thus bounded.
From the closed-loop dynamics (15) , we obtainṡ ∈ L ∞ by using Property 1. This leads us to obtainq =q r −ṡ ∈ L ∞ , and further,ẍ ∈ L ∞ from the differentiation of the kinematic equation
(2), i.e.,ẍ = J(q)q +J(q)q. Therefore, ∆ẋ must be uniformly continuous. Due to the result ∆x → 0 as t → ∞, we obtain from Barbalat's Lemma [17] that ∆ẋ → 0 as t → ∞.
IV. PERFORMANCE GUARANTEED ADAPTIVE CONTROL
The previous section presents an adaptive Jacobian controller based on a new kinematic regressor matrix, and in this section, we show how this adaptive controller ensures the performance of the robotic system under both the uncertain kinematics and dynamics by a suitable modification.
This modification extends the result in the fundamental work [14] to the case of task-space robot control with kinematic uncertainties. The extension turns out to be direct thanks to the proposed new formulation in the previous section, yet, here our emphasis is on demonstrating why this modification implies good performance.
Following [14] , we specify the feedback gain K in the control law (12) as
and at the same time modify the dynamic parameter adaptation law (13) aṡ
where λ C > 0 is a design constant andq * r =q r − λ C s. This modification, as is interpreted in [14] , follows the idea that specifying large feedback gain for the joint with relatively large inertia. Consider the same Lyapunov-like function as in the proof of Theorem 1, and we obtaiṅ
Then, the same result as in Theorem 1 follows.
Next, let us focus on interpreting the performance issues. With the modification (22), the control torque can now be written as
To clarify the performance in the task space, it is reasonable and natural to transform the joint control (25) into its task-space counterpart by F = J −T (q)τ , i.e.,
The control (25) or more clearly (26) is quite similar to the certainty-equivalence form of the standard task-space inverse dynamics (see, e.g., [20] ), where the parameters α, λ C can be tuned to fulfill the performance requirements (e.g., robustness and speed of response).
Remark 2:
The new formulation of the uncertain kinematic system [i.e., equation (7)] renders it convenient to obtain a performance guaranteed adaptive controller (25), (23) and (14), which March 21, 2014 DRAFT gives rise to the following closed-loop dynamics
which ensures good performance of the system by the inertia-dependent feedback action −λ C M(q)s and the new-kinematic-regressor based adaptation law. The adaptive transpose Jacobian feedback adopted in [5] , [6] appears not convenient to accommodate such modification. This also suggests that in the adaptive task-space tracking problem, transpose Jacobian control may not be preferred, although transpose Jacobian control [11] or approximate transpose Jacobian control [4] has a successful application in the task-space regulation problem without or with kinematics uncertainty in the sense that stability (perhaps rather than performance) of the closed-loop system is ensured.
Remark 3:
The statement in Remark 2 holds even for the case of constant-gain feedback (i.e., K is chosen to be constant). It is well known that the task-space inertia J −T (q)M(q)J −1 (q) involves the inversion of the Jacobian matrix. 1) In the case of using transpose Jacobian feedback as is the case in [5] , [6] , the inversion of the transpose of Jacobian matrix would cancel the transpose of the Jacobian matrix and render the feedback gain to be K, which implies that we have to rely on the constant gain K to compensate for the task-space inertia J −T (q)M(q)J −1 (q). 2) In the case of using the inverse Jacobian feedback without involving the transpose of the Jacobian matrix proposed in our result, the task-space formulation renders the inverse Jacobian feedback left multiplied by the inversion of the transpose of J(q), i.e., using the Jacobian-dependent varying gain J −T (q)KJ −1 (q) to compensate for the varying task-space inertia J −T (q)M(q)J −1 (q) (easier). The superiority of the performance of inverse Jacobian feedback control is thus obvious.
Remark 4:
In the visual tracking problem for robots with camera and/or manipulator kinematic uncertainties, most results, e.g., [21] , [22] , [9] , [10] , are based on the approximate transpose Jacobian feedback. One exception occurs in [15] , [23] , the control torque relies on a constantgain feedback in joint space, i.e., in the form −Ks, which is the same as the one proposed in our result and may also be interpreted as inverse Jacobian feedback, yet, the rationality of doing so and the performance issues associated with the closed-loop dynamics are not adequately addressed, and furthermore the indirect kinematic adaptation relies on the joint velocity [due to the use of the filtered version of the kinematic regressor Y k (q,q)] and the end-effector position in Cartesian space rather than in image space (which means that the visual servoing scheme is a mixed position/image-based one). In addition, stability of the closed-loop system depends on the persistent excitation of the filtered kinematic regressor matrix (see the proof of Theorem 3
in [23] ).
V. SIMULATION RESULTS
In this section, we present simulation results to demonstrate the performance of the proposed adaptive control scheme using a standard 2-DOF (degree-of-freedom) planar manipulator that grasps an unknown tool, and in addition, comparison between the proposed control and the adaptive transpose Jacobian control is also conducted via simulation under the same context.
The physical parameters of the 2-DOF robot are listed in Table I , where m i , I C,i , l C,i , and l i represent, respectively, the mass, the moment of inertia with respect to the center of mass (CM), the distance between the CM and the prior joint, and the length of link i, i ∈ {1, 2, E}, where the tool is considered to be link E. The sampling period is chosen as 5 ms.
The desired path of the manipulator end-effector is chosen as Simulation results of the proposed adaptive controller which employs inverse Jacobian feedback and the new kinematic parameter adaptation law are shown in Fig. 1 to Fig. 4 .
Under the same context, we also conduct the simulation when the controller given in [6] , [5] is adopted. The kinematic adaptation law in this case depends on the regressor Y k (q,q) and the control law employs the approximate transpose Jacobian feedback −Ĵ T (q)KĴ(q)s. The controller parameters are chosen to be the same as in the proposed controller. Simulation results in this context are shown in Fig. 5 to Fig. 8 .
One obvious difference between the simulation result of the proposed controller and that of the one in [6] , [5] is that the proposed controller results in faster parameter convergence which are reflected in both the kinematic and dynamic parameter estimation process (see Fig. 3 and Fig. 4 as compared with Fig. 7 and Fig. 8 ), and consequently better tracking performance and better utilization of the joint torques (see Fig. 1 and Fig. 2 as compared with Fig. 5 and Fig.   6 ). This is possibly due to the employment of new joint-reference-velocity-dependent kinematic regressor and of the inverse Jacobian feedback. As can be clearly seen from the definition of the (6)], it contains the information concerning the task-space tracking error. The rationality of using inverse Jacobian feedback has already been discussed in Remark 3, which is now reflected in the simulation results.
The performance of the proposed controller under an inertia-dependent feedback action −λ CM (q)s is shown in Fig. 9 and Fig. 10 , where we choose λ C = α = 5 so that the closed-loop dynamics is similar to a critically damped linear dynamics, and the other parameters are chosen to be the same as above. The performance is comparable to the case of constant-gain feedback (see Fig.   1 and Fig. 2) although the parameter α is now decreased by half.
VI. CONCLUSION AND DISCUSSION
In this paper, we consider the adaptive tracking problem for robot manipulators subjected to both the kinematic and dynamic uncertainties. We propose a new formulation of the unknown kinematic system, which generates a new kinematic regressor matrix that contains the information concerning the task-space tracking error. With this new formulation, we propose an adaptive control scheme that enjoys the desirable decomposition property. The feedback control March 21, 2014 DRAFT adopted can be intuitively interpreted as inverse Jacobian feedback, and the kinematic parameter adaptation is based on the new kinematic regressor that depends on the joint reference velocity.
Due to the proposed new control framework, the performance can be conveniently ensured with a slight modification of the control law and the dynamic parameter adaptation law, basically the same as the fundamental work in [14] . Our study also suggests that, to guarantee taskspace tracking performance, inverse Jacobian feedback seems preferable than the now commonly adopted transpose Jacobian feedback. The proposed adaptive control can thus be considered as a qualified (or perhaps superior) alternative to the existing results (e.g., [5] , [6] ). Simulation results are provided to show the performance.
One desirable feature of the proposed control scheme that we would like to emphasize is that This stems from the fact that the kinematic control law (represented by the joint reference velocityq r ) plus the associated kinematic parameter adaptation law will ensure the task-space tracking error convergence so long as the low-level joint servoing loop (which is now commonly embedded in most industrial robots) can drive the joint velocity to the joint reference velocity.
